Introduction
Much attention has been focused on the contribution of sensory neurons and their synaptic connections to defensive reflexes in Aplysia. The two best understood withdrawal reflexes in terms of their underlying circuitry and their roles in learning and memory, are the siphon-elicited siphon-gill withdrawal reflex and the tail-elicited tail-siphon withdrawal reflex ( Fig. 1 ; for review, see Kandel and Schwartz 1982; Carew and Sahley 1986; Hawkins et al. 1986; Byrne 1987; Byrne et al. 1991; Frost and Kandel 1995; Byrne and Kandel 1996) . Both reflex responses have been used extensively to analyze the neural and molecular mechanisms of sensitization, a simple form of nonassociative learning in which an unexpected (often noxious) stimulus enhances the response to a subsequent test stimulus (for review, see Byrne et al. 1993; . Another form of nonassociative learning, habituation, has also been the subject of study, although to a lesser extent. The duration of both forms of learning can be brief (minutes) or long (days), depending on the training protocol.
Much of the work on the mechanisms underlying sensitization in these two reflexes has focused on training-related modifications of the central sensory neurons. In particular, sensitizing stimuli act to enhance both sensory neuron excitability and transmitter release (for review, see Byrne et al. 1993; Hawkins et al. 1993) . These changes occur via the activation of second messenger systems in a time-and state-dependent manner (Baxter and Byrne 1990; Braha et al. 1990; Ghirardi et al. 1992; Pieroni and Byrne 1992; Sugita et al. 1992 Sugita et al. , 1994 Byrne and Kandel 1996) . Several of these storage processes operate in parallel to maintain both the short-and long-term components of the memory for sensitization (Frost et al. 1985; Greenberg et al. 1987; Schwartz and Greenberg 1987; Scholz and Byrne 1988; Bailey et al. 1992; Kennedy et al. 1992; Byrne et al. 1993; Alberini et al. 1994; O'Leary et al. 1995) .
More recent studies have begun to explore the role of circuit interneurons in both the mediation and modulation of these withdrawal responses. This review will address several questions about the roles played by the interneurons in these circuits. What do the interneurons contribute to the mediation of these reflexes? Does their contribution differ qualitatively from that made by the monosynaptic sensory neuron to motor neuron connections? Do the interneurons themselves serve as sites of memory storage and, if so, do they use the same storage mechanisms as those utilized by the sensory neurons? What role do interneurons play in learning-related modulation of the circuits?
The findings reviewed here indicate that interneurons make important and distinctive contributions to the mediation of withdrawal reflexes in A. Siphon-elicited Siphon-Gill Reflex B. Tail-elicited Tail-Siphon Reflex A stimulus (e.g., a water jet, brief touch, or weak electric shock) applied to the siphon causes the siphon and the gill to withdraw into the mantle cavity (2). (B) Tail-elicited tail and siphon withdrawal reflex. From the relaxed position (1), a similar tactile stimulus applied to the tail elicits a reflex withdrawal of the tail and siphon (2). The gill will frequently contract as well.
The Siphon-elicited and Tail-elicited Reflex Withdrawal Circuits
THE SIPHON-ELICITED SIPHON WITHDRAWAL CIRCUIT neurons. Finally, some interneurons serve as modulatory elements that activate the cellular mechanisms underlying sensitization.
The two defensive withdrawal reflexes that are the focus of this review share many similarities. Each has a well-characterized population of central mechanosensory neurons that connects to motor neurons via both monosynaptic connections and polysynaptic pathways involving interneurons (Byrne et al. 1974; Wakers et al. 1983) . Although the motor neurons for both networks are well characterized, the interneurons are less well understood. In this review we focus on the siphon withdrawal component of the siphon-gill withdrawal circuit. The gill withdrawal component shares some of the same interneurons but is understood less completely (Hawkins et al. 1981a; Koester 1989 ).
Approximately 100 neurons in the abdominal ganglion are known to participate in siphon movements elicited by tactile siphon stimulation. These include 44 siphon sensory neurons, 41 interneurons, and 15 motor neurons (for review, see Frost and Kandel 1995) . Because each sensory neuron's receptive field covers only a portion of the siphon (Byrne et al. 1974; Dubuc and Castellucci 1991 ) , a punctate tactile stimulus will activate only a fraction of the sensory neuron population. An unidentified group of low-threshold sensory neurons also appears to contribute to siphon-elicited siphon withdrawals (Cohen et al. 1991; Fischer and Carew 1993; Kaplan et al. 1993 ; see also Byrne et al. 1978a ). These cells appear to play an important role in mediating responses to weak tactile THE TAIL-ELICITED TAIL AND SIPHON WITHDRAWAL CIRCUIT siphon stimuli and display synaptic plasticity during habituation and dishabituation similar to that of the well-characterized LE cluster of sensory neurons (Kaplan et al. 1994) . The interneurons of the network for siphon-elicited siphon withdrawal are organized into two distinct subcircuits in the abdominal ganglion (Fig. 2) . The first consists of four groups of neurons (L16, L29, L30, L34) that mediate reflex withdrawals only. The second subcircuit consists of interneurons (L25, R25, L26, L33) that are recruited during reflex withdrawals (Kanz et al. 1979; Byrne 1983; Eberly and Pinsker 1984; Frost and Kandel 1995) but that also mediate the spontaneous withdrawal associated with respiratory pumping (Byrne and Koester 1978; Byrne 1983; Koester 1989) .
There are four clusters of siphon motor neurons within the abdominal ganglion (LBS, LDS, RDS, and LFS) and a peripheral group of motor neurons located along the siphon nerve (Perlman 1979; Bailey et al. 1979; Frost et al. 1988) . Each motor neuron group contributes a distinct component to the overall siphon-elicited siphon withdrawal response (Perlman 1979; Hickie 1995; Frost and Kandel 1995) . Both the central and the peripheral motor neurons are innervated directly by the LE sensory neurons (Byrne et al. 1974; Bailey et al. 1979; Clark and Kandel 1984) .
The afferent limb of the tail-elicited tail and siphon withdrawal reflex consists of mechanosensory neurons innervating the tail whose cell bodies are located in a cluster on the ventrolateral surface of the left and Figure 2 : Simplified diagram of circuits mediating the siphon-elicited siphon and tail-elicited tail and siphon withdrawal reflexes. Stimuli applied to the siphon or tail activate the afferent terminals of siphon sensory neurons (SSN) or of tail sensory neurons (TSN) whose somata are located in central ganglia. The sensory neurons make monosynaptic excitatory connections (A) with interneurons and motor neurons. The excitatory interneurons provide a parallel pathway for excitation of the motor neurons. Action potentials elicited in the motor neurons, triggered by the combined input from the sensory neurons and interneurons, propagate out peripheral nerves to activate muscle cells and produce the subsequent reflex withdrawal. Not shown here are elements of the gill withdrawal circuit. Shaded areas represent ganglia in which cell bodies of circuit neurons are located. (Waiters et al. 1983) . Of approximately 200 neurons in each cluster, at least 20 project through the posterior pedal nerve (P9), which innervates the tail (Waiters et al. 1983; Zhang et al. 1993) . These tail sensory neurons make monosynaptic connections to three identified motor neurons located in the pedal ganglion (Figr 2). To date, two interneurons have been identified in this circuit. LPI17 excites tail motor neurons and appears to contribute to both the tail and siphon components of the response (Cleary and Byrne 1993) . RPI4 inhibits tail motor neurons (Buonomano et al. 1992; Xu et al. 1994) . Both LPI17 and RPI4 produce feedback inhibition onto tail sensory neurons. Another identified interneuron, RPI5, also inhibits tail sensory neurons but does not appear to receive direct input from them. Tail sensory neurons also provide input to the central pattern generator for locomotion (Hening et al. 1979; Waiters et al. 1981 ), but it is not known whether those connections are mono-or polysynaptic. Neither the tail interneurons nor motor neurons appear to receive input from the locomotor pattern generator. Whereas the tail-elicited reflex circuitry is not understood in the same detail as the siphon-elicited reflex circuitry, features of these circuits are common to both and may represent general principles of reflex circuit organization.
In both the tail-and siphon-elicited withdrawal circuits, sensory neurons excite motor neurons via both mono-and polysynaptic pathways. These pathways are sufficiently strong that intracellular activation of single sensory neurons can elicit withdrawal responses in semi-intact preparations (Byrne et al. 1978a; Waiters et al. 1983) . The role of the monosynaptic connection is straightforward; its activity in response to a skin stimulus depolarizes the motor neuron, typically eliciting a brief burst of action potentials. The role of the recruited interneurons is more varied and complex.
There is some variation in both the siphon-elicited and taR-elicited withdrawal reflexes, but the most common reflex response is a relatively quick initial contraction to maximal amplitude, followed by a slower relaxation phase (Perlman 1979; Carew et al. 1981; Waiters et al. 1983; Stopfer and Carew 1987; Frost and Kandel 1995) . The temporal features of the contraction are primarily attributable to the activity pattern of the motor neurons, which in most cases consists of a brief high frequency burst of action potentials, followed by a period of lower frequency firing lasting several seconds (Perlman 1979; Waiters et al. 1983; Hiclde 1995; Frost and Kandel 1995) .
The sensory neurons fire only during the tactile stimulus (Byrne et al. 1978b ) and thus contribute to the early activation of the motor neurons. Although the rapid monosynaptic sensory neuron to motor neuron excitatory postsynaptic potential (EPSP) makes a major contribution to the initial phasic component of motor neuron input, the recruitment of interneurons is also important. For example, simultaneous recordings from sensory neurons, interneurons, and motor neurons in the siphon-elicited withdrawal circuR have shown that single sensory neurons recruit interneurons that add substantially to the monosynaptic EPSP (Frost and Kandel 1995) . In addition, hyperpolarization of individual L29 interneurons significantly reduced the amplitude of complex EPSPs evoked by siphon-tap in siphon motor neurons (Fischer . Furthermore, selective suppression of interneuronal recruitment with high divalent cation solutions reduced input from siphon stimulation (Byrne et al. 1978a; Trudeau and Castellucci 1992) .
The slow long-lasting component of the motor neuron response to tactile stimulation appears to be attributable entirely to recruited interneuronal input. Whereas the sensory neuron to motor neuron EPSPs are short-lived in duration, both circuits contain interneurons that connect with the motor neurons with slow synaptic potentials lasting up to several seconds in duration. In the siphon-elicited siphon withdrawal reflex, interneuron L29 produces a combined fast/slow EPSP onto the LFS siphon motor neurons which can produce long-lasting LFS firing (Frost and Kandel 1995) . Similarly, in the tail-elicited withdrawal reflex, activity in LPI17 may elicit a biphasic response in tail motor neurons (Cleary and Byrne 1993) . The fast component is frequently sufficient to elicit a burst of spikes. LPI 17 also produces a very strong and long-lasting slow EPSP in motor neurons innervating both the tail and siphon. Because short interneuron bursts can produce motor neuron activity that lasts much longer, these interneuronal connections may play a role in transforming brief sensory neuron inputs into long-lasting motor neuron firing responses (Byrne 1983 ). This suggestion is supported by simulations of realistic mathematical models (Frost et al. 1991; White et al. 1993 ).
Tail stimulation generally elicits an excitatory response in tail motor neurons. Siphon motor neurons, however, have a more diverse range of responses to tactile stimulation. As mentioned above, the LFxS neurons respond to tactile stimulation of the siphon or tail with a phasic and long-lasting firing response. On the other hand, LBS neurons typically respond to tactile stimulation of the siphon with a prolonged period of inhibition that may be preceded by a small burst of action potentials (Perlman 1979; Hickie 1994 ). These differences in response are attributable to differences in interneuronal recruitment by the sensory neurons. A more complex example is recruitment of a pattern-generating network Respiratory pumping is a stereotyped behavior during which the siphon, gill, mantle, and parapodia contract in a coordinated manner (Kupfermann et al. 1974; Perlman 1979; Pinsker 1982; Eberly and Pinsker 1984) . This behavior occurs spontaneously every few minutes but may also be triggered by tactile stimulation. During a pumping event, each class of motor neurons is activated, in part, by input from an identified population of interneurons (Byrne and Koester 1978; Byrne 1983; Alevizos et al. 1989; Frost and Kandel 1995) .
Another way in which interneurons shape the motor neuron response is by regulating input from outside of the withdrawal reflex circuit. For example, in the siphon-elicited siphon withdrawal reflex, L21 and L35 are activated by neurons outside of the circuit (Frost and Kandel 1995) . These neurons inhibit L29 and, therefore, could potentially interfere with reflex response. This is avoided, however, because siphon stimuli activate the L30 inhibitory interneurons, which, in addition to their connections in the reflex circuit, also suppress the activity of L21 and L35 (Frost and Kandel 1995) . This suppression of outside inhibitory inputs occurs during the withdrawal response and may reduce the influence of interfering inputs during the siphon-elicited response.
In addition to mediating these two reflexes, interneurons also coordinate the total behavioral response by distributing information about sensory neuron stimulation to other parts of the nervous system (Byrne 1981; Cleary and Byrne 1993) . In the siphon-elicited siphon withdrawal reflex, > 100 neurons in the abdominal ganglion are activated in response to a tactile siphon stimulus (Zecevic et al. 1989 ). Much of this may be attributable to the divergent output of the L25/R25 pattern generating neurons that trigger respiratory pumping. In addition to their effects on siphon motor neurons, the L25/R25 neurons elicit both excitatory and inhibitory responses in a wide variety of neurons throughout the ganglion (Koester and Kandel 1977) . These targets include gill motor neurons, the multifunction neuron LIO, and the left upper quadrant cells, which regulate closure of the renal pore. Information about siphon stimulation may also be conveyed by neurons that project to other ganglia. For example, L29 makes reciprocal excitatory connections with LPI17 in the pleural ganglion (Cleary and Byrne 1993) .
In the tail-elicited withdrawal reflex, interneurons appear to have a major role in distributing information about tail stimulation to other parts of the nervous system (Cleary and Byrne 1993) . Unlike the siphon sensory neurons, which are located in the same ganglia as their target motor neurons, tail sensory neurons project to the adjacent pedal ganglion. However, they do not project to the abdominal ganglion. Consequently, the siphon withdrawal component of the response to tail stimulation requires the activity of interneurons. LPI 17 is one such interneuron that excites siphon motor neurons, both directly and indirectly (Fig. 2) . Other circuits receiving input from LPI17 include those mediating head withdrawal and mucus release.
In both habituation and sensitization of Aplysia defensive withdrawal reflexes, the synapses made by central sensory neurons onto motor neurons serve as important sites of memory storage (Kandel and Schwartz 1982) . The parallel modulation of synaptic strength between sensory neurons and interneurons is also an effective mechanism for modifying behavior. In habituation, repetitive stimulation of either the skin or the sensory neurons themselves leads to progressive decrement of monosynaptic connections from sensory neurons onto circuit interneurons and motor neurons (Castellucci et al. 1970; Byrne 1982) . As a result, interneurons that initially fire in response to siphon stimulation begin to drop out following repeated stimulation (Frost and Kandel 1995) . This finding is supported by optical array recordings using voltage-sensitive dyes, which have shown that progressively fewer neurons fire in response to repeated siphon stimulation (Falk et al. 1993) .
In sensitization, noxious stimulation of the skin, or direct stimulation of the peripheral nerves innervating the skin, leads to heterosynaptic facilitation of sensory neuron synapses in both reflex circuits. Because of their excitatory connections to interneurons (Hawkins et al. 1981a; Byrne 1983) , this enhancement of sensory neuron synapses should lead to increased interneuronal recruitment in sensitization and, hence, increased motor neuron activation. Optical recording studies have confLrmed that increased numbers of neurons are activated by siphon stimulation during sensitization, although the identity of the activated neurons has not been established (Zecevic et al. 1989) . These results are supported by realistic network modeling studies, in which modulation of synaptic connections between sensory neurons and excitatory interneurons had large effects on both the magnitude and duration of the motor neuron firing responses to sensory input (Lieb and Frost 1992; White et al. 1993 ).
In recent years it has become clear that in addition to changes at sensory neuron synapses, learning-related changes may also occur at interneuronal synapses in Aplysia (Table 1) . Thus, the circuit modifications underlying nonassociative learning appear to be distributed in the network. These interneuronal modifications include both homo-and heterosynaptic forms of synaptic plasticity (Frost et al. 1988 ). This aspect of interneuron function has not yet been addressed for the tail-elicited tail withdrawal circuit. Consequently, this section will focus on the tail-and siphon-elicited siphon withdrawal circuitry.
One of the hallmarks of sensory neuron plasticity is a profound depression following repeated intracellular stimulation (Byrne 1982; Castellucci et al. 1970) . A similar synaptic depression was not observed in excitatory interneurons of the siphon withdrawal circuit such as L29 and L34 (Frost and Kandel 1995) . Nevertheless, in the siphon-elicited gill withdrawal circuit, some excitatory interneurons do exhibit synaptic depression. For example, the synapses between interneurons L22 and L23 and the gill motor neuron L7 depressed with repeated stimulation at a Frost et al. (1988) apart of the gill withdrawal circuit. bplasticity induced by simulation of pleuroabdominal connectives. rate roughly parallel to that of sensory neuron depression (Hawkins et al. 198 l a) . This depression may contribute to the reduced effectiveness of that circuit as a result of habituation.
The siphon-elicited siphon withdrawal circuit contains an important inhibitory interneuron, L30, which mediates both recurrent and lateral inhibition among the excitatory interneurons (Hawkins et al. 1981a; Fischer and Carew 1993, 1995; Frost and Kandel 1995) . The circuit is thus designed with a built-in inhibitory system, which is activated during each instance of the reflex and which is thus in a position to influence reflex strength. The inhibitory synapses made by L30 undergo activity-dependent potentiation, lasting up to tens of seconds (Fischer and Carew 1993) . This form of homosynaptic facilitation may contribute to habituation of the reflex when repeated siphon stimuli are delivered at appropriately short intervals.
Application of electrical shock to the tail or the pleuroabdominal connectives causes the L29 interneurons to fire strongly enough to produce post-tetanic potentiation at the L29-LFS synapse lasting several minutes (Frost et al. 1988; Hawkins and Schacher 1989) . This form of homosynaptic plasticity may thus contribute to the memory for short-term sensitization of the siphon withdrawal reflex.
The inhibitory synapses made by interneuron L30 in the siphon-elicited siphon withdrawal circuit undergo heterosynaptic inhibition lasting several minutes in response to sensitizing stimuli (Frost et al. 1988; Fischer and Carew 1993) . A similar suppression of inhibition within the circuit is also produced by bath application of either serotonin or cAMP analogs, suggesting a possible common modulatory mechanism for this and some of the sensory neuron changes observed in sensitization. Moreover, application of cholinergic antagonists, which blocks the synapse between L30 and excitatory interneurons, blocks the ability of tail stimulation to enhance complex PSPs produced in siphon motor neurons by siphon stimulation (Trudeau and Castellucci 1993) . This result suggests that disinhibition contributes to sensitization.
Similar mechanisms may operate in the tail-withdrawal circuitry. Application of serotonin (5-HT) hyperpolarizes the inhibitory RPI4 interneurons, suppressing spontaneous spike activity and decreasing excitability (Xu et al. 1995) . 5-HT also reduces or eliminates the inhibitory postsynaptic potentials produced in the motor neurons and sensory neurons by RPI4. Thus a modulatory agent (5-HT) that enhances connections of sensory neurons, inhibits the actions of an inhibitory interneuron in this ciruit.
The contractions of the mantle organs associated with respiratory pumping originate from the discharge of a burst generator network of interneurons, consisting of the L25 and R25 cells (Byrne and Koester 1978; Byrne 1983; Koester 1989; Alevizos et al. 1989) . Sensitizing stimuli, such as tail shock, enhance the rate of spontaneous discharge of neurons in the L25/R25 pattern-generating circuit (Frost et al. 1988) and lower their threshold for recruitment by siphon stimuli (Eberly and Pinsker 1984) . These changes may be attributable to plasticity located within the pattern generator network itself. R20 can enhance the rate of L25/R25 discharge but is not itself activated by sensitizing stimuli (Alevizos et al. 1989 ).
In addition to those interneurons participating in the reflex itself, a second class of interneurons has been studied. These are neurons that, when activated by appropriate stimuli, induce the synaptic plasticity that underlies learning (Fig. 3) . By definition, these neurons participate in heterosynaptic forms of plasticity. So far, most of the neurons in this class appear to be extrinsic to the circuit, meaning that they do not participate in mediation of the reflex. However, L29 and L16 are intrinsic to the circuit, meaning that they are activated during each instance of the reflex.
The L29 neurons of the abdominal ganglion, which are intrinsic components of the siphon-elicited siphon withdrawal circuit (Fig. 2) , are also thought to be involved in sensitization of the reflex mediated by that circuit. Tail shock activates L29, which in turn produces presynaptic facilitation of the LE sensory neurons (Hawkins et al. 1981a,b; Hawkins and Schacher 1989) . The effects of L29 on sensory-motor transmission have been demonstrated in both intact ganglia and dissociated cell cultures containing just a single L29, a single sensory neuron, and a single motor neuron (Hawkins and Schacher 1989) . Although the modulatory transmitter serotonin mimics many of the effects of L29 (see below), the L29s are not serotonergic (Hawkins and Schacher 1989; Kistler et al. 1985) . This suggests that multiple facilitatory systems contribute to tail shock-induced modulation of the siphon sensory neurons.
Noxious stimulation of the tail generally produces a biphasic modulation of the siphon-elicited siphon withdrawal reflex: a transient inhibition of the reflex followed by an enhancement (Krontiris-Litowitz et al. 1987; Mackey et al. 1987; Marcus et al. 1988; Rankin and Carew 1989) . This inhibition appears to require activation of the inhibitory interneuron L16 (Wright and Carew 1995) . Unlike L30, which is activated by a wide range of intensities, L 16 is activated only by strong tail shock (Wright and Carew 1995) . Hyperpolarization of L16 is sufficient to block the transient depression of water jet-evoked input to siphon motor neurons. On the other hand, activation of L16 alone is not sufficient to elicit that depression. Therefore, L16 appears to act as a gate for transient inhibition. During the period of inhibition, the amplitude of the complex EPSP evoked by tactile stimulation of the skin is decreased, but the amplitude of the monosynaptic sensorimotor EPSP is enhanced. This interesting dissociation illustrates how recruitment of polysynaptic pathways can determine the behavioral response (Wright et al. 1991) . Similar results were obtained when 5-HT was used to mimic the effects of strong tail shock (Fitzgerald and Carew 1991 ) .
The CB 1 neuron in the B cluster of the cerebral ganglion has been identified as one component of the modulatory system underlying sensitization of the siphon-elicited siphon withdrawal reflex . Tail shock activates CB 1, which in turn produces presynaptic facilitation of the excitatory synapses from the LE siphon sensory neurons to the LFS siphon motor neurons. Following tail shock, the CB 1 firing rate remains elevated for several minutes, although it is not clear that the level of activity is sufficient to maintain synaptic facilitation for an extended period of time. CB 1 also produces spike broadening in LE neurons bathed in 100 mi tetraethylammonium, consistent with a presynaptic site of action. These effects are consistent with CBI's serotonergic phenotype (see below). CB1 may affect the tail sensory neurons in a similar fashion .
Neurons in the J cluster of the cerebral ganglion produce effects in tail sensory neurons that mimic changes produced by sensitizing stimuli (Raymond and Byrne 1994) . These neurons, referred to as Jm neurons, depolarize slowly, hyperpolarize slowly, or produce a dual-component response in the sensory neurons. The connections between Jm cells and the pleural sensory neurons were generally strong; a single spike in a Jm cell was often sufficient to produce a measurable slow EPSP in a sensory neuron. Sensory neurons that were depolarized by Jm stimulation also showed an increase in their excitability. Neurons in the J cluster also produced bursts of fast PSPs in tail motor neurons.
The Jm cells generally received excitatory input from cerebral nerves C1-C3, which innervate the head and neck, and weaker, usually inhibitory input from pedal nerves P7-P9, which innervate the tail and posterior part of the animal. Thus, Jm neurons appear to be elements of a modulatory pathway involved in sensitization of the tail-elicited withdrawal reflexes from anterior parts of the animal.
In addition to the intrinsic inhibitory neurons (Fig. 2) , extrinsic inhibitory neurons also appear to influence the siphon-elicited siphon withdrawal circuit. LPI16, located in the pleural ganglion, hyperpolarizes siphon sensory neurons and produces heterosynaptic depression of the synapse between siphon sensory and motor neurons (Small et al. 1992 ). This neuron is activated by tail shock and may contribute to the transient inhibition induced by tail stimulation. LPI16 is also immunoreactive for FMRFamide. Because FMRFamide has both short-and long-term inhibitory effects on sensory neuron excitability, LPI16 may also contribute to long-term habituation of the tail-elicited siphon withdrawal reflex.
Although several modulatory neurons have now been identified, it is generally recognized that other unidentified modulators also exist. Therefore, additional experimental approaches have been utilized that are more efficient in terms of the fraction of the nervous system that they survey but are less direct than intracellular stimulation of single neurons. A common approach has been to identify neurotransmitters that have modulatory effects on tail or siphon sensory neurons and use immunocytochemistry to look for proximity of axons containing those transmitters to the sensory neurons.
This approach has been used most successfully for 5-HT, culminating in the identification of CB 1 as a serotonergic facilitatory neuron. A substantial amount of data has demonstrated the ability of 5-HT to mimic the effects of sensitization training on both tail and siphon sensory neurons (for review, see Kandel and Schwartz 1982; Byrne et al. 1993 ). Depletion of 5-HT from the central nervous system by intracoelomic injection of the neurotoxin, 5,7-dihydroxytryptamine, blocked behavioral sensitization (Glanzman et al. 1989) . It also blocked presynaptic facilitation of the sensorimotor synapse following connective stimulation. Similar experiments have not yet been performed for the tail-elicited tail withdrawal circuit. The finding of 5-HT-immunoreactive fibers in contact with siphon sensory neurons (Kistler et al. 1985) supports the hypothesis that serotonergic neurons contribute to behavioral sensitization. Numerous serotonergic varicosities have also been observed surrounding somata and axon hillocks of tail sensory neurons (Zhang et al. 1991) . Electron microscopy confirmed that these contacts were directly on the membrane of sensory neurons and were presumably synaptic in nature. These results suggest that 5-HT is released from varicosities directly onto somata of sensory neurons, eliciting the cellular changes correlated with sensitization. The proximity of serotonergic input to the soma may be crucial for triggering the cellular mechanisms underlying the long-term form of sensitization (Kistler et al. 1985; Nazif et al. 1991; Zhang et al. 1991; Bacskai et al. 1993; Clark and Kandel 1993; Emptage and Carew 1993; O'Leary et al. 1995) .
Two other transmitters have been found to have facilitatory effects on sensory neurons, small cardioactive peptide (SCP) and buccalin (Abrams Ocorr and Byrne 1985; Raymond et al. 1989; Pieroni and Byrne 1992) . There are, however, no identified neurons containing these transmitters that have modulatory effects on tail or siphon sensory neurons. The R20 neurons, which contain SCP and modulate the activity of the pattern generator underlying respiratory pumping, do not appear to contribute to sensitization (Alevizos et al. 1989) . Immunofluorescence techniques have been used to examine the distribution of SCP and buccalin within the cluster of pleural sensory neurons (Lo et al. 1987) . The distribution of SCP within the pleural ganglion differs from that of 5-HT in that few SCP-immunoreactive fibers are in contact with somata of tail sensory neurons. This does not rule out the possibility that they make axoaxonal contacts with the sensory neurons. Buccalin-like immunoreactivity (IR) was found in each pleural ganglion and prominent buccalin-IR fiber tracts were found to course through the pleural ganglia, but no fibers were observed in contact with somata of tail sensory neurons (see also Miller et al. 1992) . Although there are somata in the pleural ganglia immunoreactive for SCP or buccalin, these cells have not been analyzed electrophysiologically.
FMRFamide is a transmitter with inhibitory effects on tail and siphon sensory neurons. LP116 is a FMRFamide-IR neuron that produces heterosynaptic depression of siphon sensory neurons. FMRFamide is distributed within the cluster of sensory neurons in a pattern similar to that of 5-HT, although there are fewer processes (Lo et al. 1987) . Presumably, some of these fibers are intrinsic to the ganglion, as many somata within the pleural ganglion are immunopositive. For example, the inhibitory interneuron RPI5 contains FMRFamide-like IR and hyperpolarizes sensory neurons (Xu et al. 1994 ).
Like vertebrate spinal reflex circuits, the Aplysia siphon and tail withdrawal circuits are composed of monosynaptic sensory-motor neuron pathways in parallel with polysynaptic pathways through interneuronal populations. In contrast to the vertebrate nervous system, however, the small number, large diameter, and easy accessibility of interneurons in Aplysia withdrawal circuits has made it possible to explore several issues regarding the role of circuit interneurons in the mediation and modulation of reflex responses.
Interneurons serve an important role as recruitable circuit elements, which amplify the contribution made by the monosynaptic pathway. Interneurons further transform the sensory neuron output by converting stimulus intensity into response duration and by generating the stimulus-triggered respiratory-pumping component of the siphon-and gill-withdrawal reflex. Interneurons also participate as information storage sites, at least for the simple short-term nonassociative forms of learning examined so far. In sensitization, changes occur at interneuronal loci, in addition to the well-described facilitation of the monosynaptic connections between sensory and motor neurons. These interneuronal changes involve different types of plasticity, with excitatory synapses getting stronger and inhibitory synapses weaker. Thus, sensitization involves multiple types as well as multiple loci of plasticity (Frost et al. 1988 ). An important queston for future analysis will be the extent to which the interneurons serve as loci for long-term nonassociative and associative learning. The finding that sensitization of withdrawal reflexes in Aplysia involves multiple sites of plasticity seems to be a general
Cold Spring Harbor Laboratory Press on December 28, 2017 -Published by learnmem.cshlp.org Downloaded from finding emerging from analyses of other systems as well (e.g., Mishkin et al. 1984; Cohen 1985; Frysztak and Crow 1994; Gallagher and Holland 1994; Perrett and Mauk 1995) .
The last role of interneurons is as important modulatory elements in the circuitry. Interneurons, both intrinsic and extrinsic to the withdrawal reflex circuits, produce modulatory actions on other circuit elements. This modulation plays an important role in sensitization, but it is not known whether such heterosynaptic modulatory processes have a role in habituation. Interestingly, FMRFamide leads to long-term depression of sensorimotor connections in cell culture (Montarolo et al. 1988; Schacher et al. 1993) , raising the possibility that FMRFamide containing interneurons may mediate long-term habituation in vivo. The work reviewed in this paper represents a new level for analysis of nonassociative learning in Aplysia. It is fair to say that earlier studies in this animal were focused on the cellular properties of learning and memory, that is, the changes in elementary synaptic connections. These studies provided insights into the mechanisms by which synaptic transmission is modified by learning and demonstrated that there is a representation, at the cellular level, of behavioral modifications induced in the whole animal. There is currently tremendous interest, for both invertebrates and vertebrates, in the system properties of learning and memory. For this, it is important to investigate the parallel pathways involved in memory storage, just as it has been important to analyze parallel processing in vision, audition, and in motor systems. This analysis, for which invertebrates are uniquely advantageous, allows one to identify the contribution of different parallel mechanisms to acquisition and storage of acquired information. Thus, a solid foundation is now in place for future analyses of the system properties of learning and memory in Ap lysia.
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